Abstract. The metastasis of breast cancer is associated with dismal prognosis and high mortality due to the lack of effective treatment. Luteolin, a natural flavonoid compound, has been shown to exert antitumor activity in various types of cancers. However, the effects and mechanisms of luteolin on the metastasis of triple-negative breast cancer (TNBC) remain elusive. In the present study, we found that pretreatment of highly metastatic TNBC cell lines with luteolin dose-dependently inhibited cell migration and invasion, and reversed epithelialmesenchymal transition (EMT) as determined by altered morphological characteristics, downregulated epithelial markers and upregulated mesenchymal markers, and inhibited EMT-related transcription factors. In an in vivo metastasis experiment using a xenograft model, luteolin markedly inhibited lung metastases of breast cancer and the expression of EMT molecules vimentin and Slug in primary tumor tissues. Notably, luteolin also suppressed the expression of β-catenin mRNA and protein in vitro and in vivo. Furthermore, overexpression of β-catenin by adenoviruses blocked these benefits of luteolin on invasion and metastases of breast cancer. In conclusion, all these results indicated that luteolin effectively suppressed metastases of breast cancer by reversing EMT, which may be mediated by downregulation of β-catenin.
Introduction
Breast cancer is the second leading cause of cancer-related deaths, and the most common cancer among women worldwide (1) . Although numerous measures and drugs have been applied to the clinic, metastasis is still one of the most critical issues in patients with breast cancer (2) . Therefore, the identification of effective drugs and exploring the mechanisms which suppress breast cancer metastasis may provide hope to clinical therapies.
The metastasis of cancer cells are reminiscent of epithelial-mesenchymal transition (EMT) usually occurring in embryonic development, tissue repair and tumor progression (3, 4) . During the EMT process, epithelial-like cancer cells lose cell-cell contacts and acquire mesenchymal properties, which are believed to help cancer cells to gain the abilities of migration and invasion, resulting in the disassociation of cancer cells from the primary tumor and migration to distant organs. From a molecular viewpoint, EMT is characterized by downregulation of epithelial cell markers such as E-cadherin and claudin, and upregulation of mesenchymal molecules such as vimentin and N-cadherin (5, 6) . Several transcriptional factors, including Snail, Slug, ZEB and Twist, have been found to be involved in the regulation of EMT (6, 7) . These transcription factors directly or indirectly repress the transcriptional expression of E-cadherin, resulting in the loss of epithelial markers and the acquisition of mesenchymal features (3) . Recent studies have also suggested that EMT is connected with the acquisition of cancer stem cell properties, development of drug resistance, and induction of angiogenesis, providing various distinct benefits to tumor progression (8) (9) (10) (11) (12) .
Supporting evidence from epidemiology indicates that some natural dietaries may exhibit beneficial actions against the risk or progression of breast cancer (13) . Luteolin (Fig. 1A) , one of the natural flavonoid compounds found in many plants such as carrots, celery, broccoli, perilla leaf and seed, has Luteolin suppresses the metastasis of triple-negative breast cancer by reversing epithelial-to-mesenchymal transition via downregulation of β-catenin expression been reported to possess many biological properties such as anti-inflammation, anti-allergy, antioxidant, anticancer and anti-microbial (14) (15) (16) . Previous studies indicate that luteolin exhibits a wide range of antitumor activities in various types of cancers by inhibiting cell proliferation and tumor growth, promoting cancer cell apoptosis and cell cycle arrest, sensitizing drug resistance, and mitigating invasiveness and metastasis of cancer cells (14, (17) (18) (19) . Specifically, it has been found that luteolin enhanced paclitaxel-induced apoptosis in human breast cancer (20) , and sensitized drug-resistant human breast cancer cells to tamoxifen (21) . Furthermore, luteolin effectively blocked progestin-dependent angiogenesis and the stem cell-like phenotype in human breast cancer cells (22) . Although these studies revealed its protective roles in malignancy, the effects and underlying mechanisms of luteolin on the metastasis of highly aggressive triple-negative breast cancer (TNBC) remain largely unexplored.
In the present study, we chose two TNBC cell lines MDA-MA-231 and BT5-49, which have been indicated to possess highly malignant transfer traits (23, 24) , to investigate the potential functions and mechanisms of luteolin on the metastasis of TNBC in vitro and in vivo.
Materials and methods
Reagents and antibodies. Luteolin (purity >99%) was obtained from Pulus Biology Technology (Chengdu, China). RNA isolation kit, PrimeScript RT and PCR reagent kits were purchased from Takara (Dalin, China). Matrigel and Transwell chambers were obtained from Corning (Corning, NY, USA). Antibodies used in the present study were purchased from the following sources: anti-E-cadherin, anti-claudin, anti-vimentin, anti-N-cadherin, anti-Snail, anti-Slug, anti-ZEB1 and anti-β-catenin antibodies were from Cell Signaling Technology (Danvers, MA, USA); anti-GAPDH antibody was from Santa Cruz Biotechnology (Santa Cruz, CA, USA); anti-Ki67 was from Abcam (Cambridge, UK); anti-F-actin-Red 555 was from Invitrogen (Carlsbad, CA, USA).
Cell culture and treatment. Human breast cancer cell lines MDA-MB-231 and BT5-49 were obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA) and cultured at 37˚C in Dulbecco's modified Eagle's medium (DMEM) (HyClone, Los Angeles, CA, USA) with 10% fetal bovine serum (FBS) (Gibco, Grand Island, NY, USA) and 1% penicillin/streptomycin in a humidified atmosphere of 5% CO 2 . The cells were treated with various concentrations (10, 30 and 100 µM) of luteolin for the indicated time.
Nude mice and in vivo metastasis assay. Female nude mice at 4-5 weeks old following approval by the Animal Ethics Committee of Chongqing Medical University were housed according to the National and Institutional Guidelines for Humane Animal Care in specific pathogen-free (SPF) laboratory animal environmental. For the xenograft metastasis experiment, female nude mice were subcutaneously injected with 1x10 6 MDA-MB-231 cells with or without transduction of Ad-GFP or Ad-β-catenin, and subjected to intraperitoneal injection of luteolin (100 mg/kg) three times every week when the tumor reached 1 cm 3 in volume. Eight weeks later, the mice were sacrificed under anesthesia. The tumor nodules on the lung were counted. The primary tumor tissues and lung were collected for further analyses.
Scratch migration assay. MDA-MB-231 and BT5-49 cells were seeded into a 6-well plate in culture medium and allowed to grow to 100% confluence. A sterile toothpick was used to scrap the monolayer cells creating a wound. The scraped cells were washed out with phosphate-buffered saline (PBS), and the remaining cells continued to culture in the absence or presence of different concentration of luteolin for 18 h. The breast cancer cells were observed and the areas of the wound were measured.
Transwell invasion assay. The invasion was measured using the Matrigel-coated 24-well Transwell chamber. Briefly, MDA-MB-231 and BT5-49 cells were trypsinized, washed and seeded into the upper chamber in a serum-free medium at a density of 2.5x10 5 cells/well. The lower chamber contained complete DMEM with 10% FBS. Following incubation for 8 h, the cells on the Matrigel membrane were fixed and stained using crystal violet. The invaded cells were counted.
Immunofluorescent (IF) staining.
For IF analysis, the cells or tissues on the slides were fixed in 4% paraformaldehyde at room temperature and permeabilized using 0.05% Triton X-100. Then, the slides were first immersed in blocking solution containing 1% BSA in PBS, followed by incubation with the primary antibody overnight at 4˚C. The slides were then incubated in PBS buffer with fluorescently labeled secondary antibody for 1 h at room temperature in the dark. Nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI) and observed under a fluorescence microscope (Nikon, Tokyo, Japan).
Protein isolation and western blotting. The cells were lysed in protein lysis buffer to collect total proteins. The concentration of protein was determined using the BCA kit. Total proteins (40 µg) were fractionated on 10% SDS gel, and then transferred to polyvinylidene fluoride (PVDF) membranes. The membranes were blocked with 5% BSA in Tris-buffered saline (TBS) containing 0.1% Tween-20, followed by incubation with the primary antibody at 4˚C overnight. After washing with TBST for three times, the membranes were incubated with secondary antibody conjugated with horseradish peroxidase (HRP). The membranes were visualized using the enhanced chemiluminescent system and short exposure of the membrane to X-ray film.
Quantitative reverse transcription-polymerase chain reaction (qRT-PCR).
Total RNA from the cancer cells was extracted using the RNA isolation kit according to the manufacturer's instr uctions. Then cDNA was synthesized using PrimeScript RT reagent kit with 1 µg total RNA. qPCR was performed using the PCR kit. The following primer sequences were used: E-cadherin sense, 5'-TCCTGGGCAGAGTGAA TTTTGAAGA-3' and antisense, 5'-AAACGGAGGCCTG ATGGGG-3'; claudin sense, 5'-CCTCCTGGGAGTGATAGC AAT-3' and antisense, 5'-GGCAACTAAAATAGCCAGA CCT-3'; vime ntin sense, 5'-TACAGGAAGCTGCTGGA AGG-3' and antisense, 5'-ACCAGAGGGAGTGAATCCAG-3'; N-cadherin sense, 5'-AGCCAACCTTAACTGAGGAGT-3' and antisense, 5'-GGCAAGTTGATTGGAGGGATG-3'; Snail sense, 5'-TCGGAAGCCTAACTACAGCGA-3' and antisense, 5'-AGATGAGCATTGGCAGCGAG-3'; Slug sense, 5'-GGG GAGAAGCCTTTTTCTTG-3' and antisense, 5'-TCCTCA TGTTTGTGCAGGAG-3'; GAPDH (control) sense, 5'-TGT TGCCATCAATGACCCCTT-3' and antisense, 5'-CTCCAC GACGTACTCAG CG-3'. Relative quantification was achieved by normalization of GAPDH.
Adenovirus transduction. Recombinant adenoviruses
Ad-β-catenin or Ad-GFP were transduced into MDA-MB-231 cells according to the manufacturer's instructions. The expression of GFP was used as a marker for monitoring transduction efficiency. After 48 h of transduction, the cells were used for experiments and the target gene expression was also determined by qRT-PCR and western blotting.
Immunohistochemistry (IHC) staining. The expression of molecules which were association with EMT was detected by IHC staining. Briefly, 5-µm thick tissue sections were cut and deparaffinized, and an antigen retrieval procedure was performed. Endogenous peroxidases were quenched by incubating tissue with hydrogen peroxide, followed by incubating with the primary antibody at 4˚C overnight and the HRP-labeled secondary antibody sequentially. Finally, the sections were visualized with DAB staining and imaged. Statistical analysis. All experiments were conducted for at least three independent times. All data are expressed as mean ± SD and the Student's t-test and one-way ANOVA analysis were used to determine significance. P<0.05 was considered significant.
Results

Luteolin inhibits breast cancer cell migration and invasion in vitro.
To determine whether luteolin influences breast cancer cell migration and invasion, wound-healing migration and Transwell invasion assays were performed to evaluate the metastasis of breast cancer cell lines MDA-MB-231 and BT5-49. Pretreatment with luteolin resulted in a concentration-dependent slowing of the wound healing ability of breast cancer cells compared with the control group (Fig. 1B and C) . The Transwell invasion assay revealed a dose-dependent decrease in cell invasion in the luteolin-treated breast cancer cell lines when compared with the control group ( Fig. 1D and E) . 
Luteolin reverses EMT in the MDA-MB-231 and BT5-49 cells.
As previously stated, the morphology of MDA-MB-231 and BT5-49 cells display a long spindle mesenchymal feature. Following treatment with luteolin, the cancer cell morphology shifted to an oval epithelial type ( Fig. 2A) . In agreement with this observation, IF assay showed that luteolin downregulated the mesenchymal marker vimentin and reorganized cytoskeletal protein F-actin in the cytoplasm in the two breast cancer cell lines (Fig. 2B) . Western blot analysis further showed that levels of epithelial markers E-cadherin and claudin were upregulated, while mesenchymal markers N-cadherin and vimentin with the two EMT-related transcription factors Snail and Slug, particularly Slug, were downregulated in the luteolin-treated breast cancer cells in a concentration-dependent manner (Fig. 2C) . Consistently, mRNA expression analysis by qRT-PCR showed similar results with the proteins of EMT (Fig. 2D) .
β-catenin is responsible for the anti-migration and antiinvasion effect of luteolin in vitro.
In light of the key role of β-catenin in metastasis and EMT of cancer, we determined the expression of β-catenin by western blotting and qRT-PCR. As shown in Fig. 3A and B, compared with the control group, the two breast cancer cell lines expressed higher levels of β-catenin protein and mRNA, which were inhibited by luteolin in a dose-dependent manner. Furthermore, overexpression of β-catenin by an adenovirus vector system was carried out in the breast cancer cell line MDA-MB-231. As shown in Fig. 3C and D, overexpression of β-catenin abrogated the anti-migration and anti-invasion effect of luteolin in the MDA-MB-231 cells. Meantime, we found that these benefits of luteolin on the expression of EMT markers and EMT-related transcription factors were abrogated by overexpression of β-catenin ( Fig. 3E and F) .
Luteolin suppresses metastasis of breast cancer cells in vivo.
Finally, we explore the in vivo effect of luteolin on cancer metastasis. As illustrated in Fig. 4A , using a xenograft metastasis tumor model, we found that the prominent metastatic nodules on the surface of the lung were obviously observed in the mice bearing TNBC cells. Luteolin markedly decreased the number of nodules in the lung, which were abrogated by overexpression of β-catenin (Fig. 4B) . H&E and Ki67 staining of lungs isolated from the mice receiving orthotopic transplantation displayed that luteolin markedly inhibited breast cancer cell metastases to the lung, while overexpression of β-catenin abolished the inhibitory effect of luteolin on lung metastases of breast cancer (Fig. 4C and D) . Noteworthy, the levels of mesenchymal marker vimentin and transcription repressor Slug in the primary tumor tissues were decreased in the orthotopic tumors of the mice after luteolin treatment, while overexpression of β-catenin upregulated vimentin and Slug (Fig. 4E) . In agreement with these in vivo observations, β-catenin emerged as a high expression protein in primary tumors of xenograft metastatic mice but was obviously downregulated by luteolin treatment (Fig. 4F) .
Discussion
Breast cancer is a heterogeneous disease, which is classified into at least five distinct subtypes according to molecular profiles of gene expression (25) . Among these subtypes, triple-negative breast cancer (TNBC), defined as estrogen receptor-negative, progesterone receptor-negative, and lack of HER-2 expression, is an aggressive metastatic and higher histological grade subtype of breast cancer (23) . Due to the lack of effective targeted therapy and highly metastatic behavior, patients with TNBC have a relatively poor outcome (26) . In the present study, we confirmed that luteolin efficiently suppressed the migration and invasion of TNBC cell lines MDA-MB-231 and BT-549, and inhibited the lung metastases of breast cancer xenograft tumors derived from MDA-MD-231 cells, implying that luteolin may serve as a potential drug for the treatment of cancer metastasis in TNBC.
Accumulating evidence reveals that EMT plays a critical role in invasiveness and the metastasis of breast cancer. It has been proposed that the EMT process occurs during metastatic breast cancer in which cancer cells show a fibroblast-like and spindle morphology with loss of epithelial markers E-cadherin and claudin and gain of mesenchymal markers vimentin and N-cadherin (27) . Clinical data suggest that in patients with TNBC, cancer cells display a particular mesenchymal phenotypic shift, and the expression of mesenchymal markers is associated with poor prognosis and metastatic potential (23, 28) . Previous studies have shown that mesenchymal molecules promote migration and invasion of breast cancer cells in vitro and in vivo models, and knockout of the vimentin or N-cadherin gene effectively attenuates breast cancer cell motility and invasion (29, 30) . Based on the antimetastatic capacity of luteolin, we aimed to ascertain whether luteolin affects EMT of TNBC. Our present results indicated that following treatment with luteolin, TNBC cells not only acquired epithelial characteristics, but also lost mesenchymal characteristics, implying that luteolin could effectively reverse EMT in highly metastatic TNBC. This is consistent with a study describing that luteolin inhibited EMT and invasiveness in pancreatic cancer cell lines (31) . Furthermore, we also analyzed the expression of two transcription factors Snail and Slug, which have been demonstrated to regulate EMT and promote tumor metastasis in breast cancer (32) . The results showed that luteolin dose-dependently inhibited the expression of these transcription repressors, particularly Slug. These data confirmed that the inhibition of metastasis by luteolin involves the reversion of EMT.
Many signaling mechanisms have been implicated to be involved in the regulation of EMT and cancer metastasis, including the PI3K/Akt, MAPK/ERK and Wnt/β-catenin pathways (3) . Several studies have uncovered that Wnt/β-catenin signaling is significantly activated in highly aggressive metastatic breast cancer cell lines and patients with TNBC, and hyperactivated Wnt/β-catenin signaling is positively correlated with poor clinical prognosis (33, 34) . In canonical Wnt/β-catenin signaling, β-catenin plays a central role. Activation of Wnt signaling leads to the stabilization and subsequent nuclear translocation of β-catenin, which induces expression of transcriptional repressors such as Snail, triggering EMT that is linked to cancer metastasis (34, 35) . Inhibition or silencing of β-catenin markedly inhibits the expression of EMT-related transcriptional factors Snail and Slug, which lead to the expression of epithelial markers E-cadherin, resulting in reversal of EMT and alleviation of the metastasis of breast cancer (36, 37) . Thereby, β-catenin may become a key target for treating metastatic cancer. Notably, a previous study showed that luteolin inhibited cell proliferation and tumor growth in experimental colon carcinogenesis by inhibiting the β-catenin signaling pathway (38) . In the present study, using in vitro and in vivo metastasis breast cancer models, we first found that β-catenin expression was dose-dependently reduced by luteolin in two TNBC cell lines, and we further found that luteolin markedly downregulated β-catenin in primary tumor tissues of the xenografts, which coincided with the abilities of luteolin on metastasis and EMT of breast cancer. Hence, we deduced that the antimetastatic affect of luteolin may be mediated by β-catenin signaling. In order to verify the hypothesis, ectopic expression of β-catenin was determined before luteolin treatment in vitro and in vivo metastasis experiments. We found that these beneficial effects of luteolin were abrogated by overexpression of β-catenin, indicating that downregulation of β-catenin expression may mediate the inhibitory effects of luteolin on metastasis and EMT of TNBC.
Taken together, our experimental data indicated that luteolin exerted a potent therapeutic effect on invasion and metastasis of TNBC, which may be involved in the reversal of EMT by downregulation of β-catenin. These findings suggest that luteolin may be applied as a potential candidate treatment for the prevention and intervention of metastatic breast cancer.
